Here we examine in a simple organic aerosol the transition between heterogeneous chemistry under wellmixed conditions to chemistry under interfacial confinement. A single reaction mechanism, shown to reproduce observed OH oxidation chemistry for liquid and semisolid C 30 H 62, is used in reactiondiffusion simulations to explore reactivity over a broad viscosity range. The results show that when internal mixing of the aerosol is fast and the particle interface is enriched in CH groups, ketone and alcohol products, formed via peroxy radical disproportionation, predominate. As viscosity increases the reactions become confined to a shell at the gasaerosol interface. The confinement is accompanied by emergence of acyloxy reaction pathways that are particularly active when the shell is 1nm or less. We quantify this trend using a reactiondiffusion index, allowing the parts of the mechanism that control reactivity as viscosity increases to be identified.
INTRODUCTION
The presence of aerosols in the troposphere increases substantially the complexity of models for the chemical evolution of planetary atmospheres. This complexity is due in large part to chemistry that couples gas and condensed phase reaction mechanisms. Aerosol reactivity with a gas is generally measured with an uptake coefficient, which is calculated from composition data using the expression
where k rx is the apparent disappearance rate constant for the starting material in the aerosol, d p is the particle diameter,  0 is the aerosol density, c is the velocity of the gaseous reactant molecules, M is the molecular weight of the aerosol material, and N A is Avogadro's number. This expression applies if the aerosol is well mixed and the entire volume of the particle participates in the reaction. However, the rates of multiphase processes such as heterogeneous reactions 17 and evaporation 811 and condensation kinetics are inextricably connected to internal mixing timescales in aerosols. These timescales can span many orders of magnitude and are controlled by water content and aerosol phase state (liquid, solids and glasses).
Discovery of predictive elementary reaction mechanisms that take diffusion into account provides some insights to how transport affects reactivity. For example, Knopf et al. 2 and Davies et al., 3 observed a complex nonlinear relationship between the organic diffusion constant and OH reaction rate (i.e. effective reactive uptake) with levoglucosan and citric acid aerosol, respectively. Berkemeier et al., 12 used a kinetic multilayer model to explain the complex time 3   27   28   29   30   31   32   33   34   35   36   37   38   39   40   41   42   43   44   45   46   47 dynamics of O 3 uptake onto glassy and semisolid shikimic acid. This complex relationship was used to identify more broadly how a multiphase system can evolve through limiting kinetic regimes represented by trajectories through a "kinetic cube". 13 Houle et al., 4 showed how the uptake coefficient depends upon both the timescales for a reactive surface collision and internal mixing, showing that multiphase uptake should be considered an emergent property of the system (gas + particle), rather than a measure of the intrinsic reactivity of the interface. This description is consistent with results reported by Wiegel et al., 5 who showed that for OH reactions with semisolid alkane aerosols, there is no straightforward relationship between measurements of an effective uptake coefficient obtained in experiment and the inherent OH reactivity of triacontane.
These previous studies elucidate how diffusion affects consumption kinetics for specific cases. Here we consider broader trends, looking at how reactivity (i.e. product distribution)
evolves with changes in the internal aerosol mixing times when the governing reaction mechanism is held constant. Our approach is to examine C 30 H 62 aerosol + OH, whose mechanism has been validated for liquid and semisolid phases, 5, 14 and systematically vary the alkane diffusion coefficient (viscosity) in between these extrema to trace how the free radical chain and product distributions depend on viscosity. We connect reactivity to diffusion by defining a reactiondiffusion index that quantifies the governing kinetics, and links them to specific sections of the reaction mechanism. and its semisolid isomer, triacontane.
RESULTS AND DISCUSSION
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A diagram of the reaction mechanism is presented in Scheme S1 in the Supplementary Information. The free radical chain reaction is initiated by H abstraction from a CH bond located near the surface of the particle.
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The resulting alkyl radical reacts rapidly with O 2 to form a peroxy radical. Peroxy radicals disproportionate to form mainly alcohols and ketones in CH rich environments via the Russell and/or BennetSummers mechanisms, but also have minor channels forming alkoxy and acyloxy radicals that lead to aldehyde and carboxylic functionalities, as well as fragmentation to form new alkyl radicals.
5, 14
This chemistry is not represented explicitly in the simulations, rather, the alkane is treated as a collection of functional groups and carbon backbones that track formation of free radical intermediates (such as peroxy and acyloxy radicals), stable product functional groups (such as ketones), and backbone fragments (such as C 24 ). This description allows the free radical chemistry to be represented across the entire oxidation process, from a pure alkane to complete conversion into CO 2 , using a tractable number of reaction steps.
In this work, we focus on trends in reactivity that would be observed in a typical flow tube experiment using the reaction scheme for triacontane, which is the same as for squalane but does not have tertiary alkyl functionalities. Flow tubes are often used to provide data on aerosol reactions that can be used for atmospheric chemistry models. Reactiondiffusion simulations have been performed using a gas phase OH density of 5.04 x 10 10 molec/cm 3 16, 17 and the reaction ). All product species in the simulation are assumed to diffuse with the same coefficient as the alkane. Viscosity changes may occur as a result of oxidation. 5, 19 These effects are neglected in the present work in order to focus on broad trends. To provide a unified way to characterize reactivity across such a broad range of diffusion coefficients, we define a reaction diffusion index (I RD ). I RD is a dimensionless number calculated from timescales, and is similar to the Damköhler number, or the square of the Thiele modulus;
where k rx is a phenomenological rate constant for consumption of starting material, as used in (1), and τ cd is the characteristic complete mixing time for a particle of a specific diameter. 6 The reactiondiffusion index can be written for the specific C 30 H 62 viscosities (D), OH density ([OH(g)]) and particle size:
If I RD << 1, mixing is fast relative to arrival of OH at the aerosol surface and the supply of OH is rate limiting. If I RD >> 1, the rate of mixing to bring organic molecules to the aerosol surface is rate limiting. If I RD = 1, then reaction rates and internal transport rates are balanced.
This is the midpoint of the transition between kinetically limiting regimes. al. 4 The free radical reactions initiated by OH uptake generate oxygen-containing functionalities (ketones, alcohols, aldehydes, carboxylic acids); their predicted fractions in the particle at 60s are shown in Figure 2 . When I RD is small, i.e. the OH radical supply is rate limiting and the alkane is liquid, ketones and alcohols are the primary products as found previously in simulations of squalane oxidation. 
of unreacted C 30 H 62 within the particle are shown in Figure S1 in the Supplementary Information.
It is evident that the decrease in  and change in product distributions is accompanied by a transition from chemistry under well-mixed conditions to chemistry under confinement to the near-surface region of the aerosol.
The extent of confinement for a particular D has been described in terms of a reacto diffusion length, L. It is the thickness of a shell that is accessible for chemistry surrounding the particle core. L is given by
where [gas] is the density of the gaseous reactant, and  is the probability that a colliding gas molecule will stick to the aerosol surface long enough to react. 
Equations (4) and (5) to the range of D used in the present calculations, k rx varies about ± 6% (see Table S1 and Figure   S2 in the SI). This variation in rate coefficient is modest, and could be interpreted to mean that the chemical reaction does not change much over this very broad range in diffusivities. Such a conclusion is not consistent with the dramatic change in product distributions shown in Figures 2 and S1, however.
It is evident from equations (1), (3) and (5) What does this tell us about trends in product formation? Figures 2 and S1 show that disproportionation chemistry to form ketones and alcohols is favored when the reactions are limited by OH -particle collisions (I RD < 0.1). As the reactions become mixing limited (I RD > 10) and diffusively confined to the interface, ketones are the major component of the particle because alcohols and aldehydes are consumed by abstraction by OH and by reaction with additional peroxy radicals that are formed by fragmentation during the free radical chain reaction (see Scheme S1). Further insights are possible using marker species in the simulations, which is straightforward using the stochastic simulation methodology, to determine the nature of reactivity as I RD varies. Abstraction markers track the number of OH abstraction events, which occur predominately at the surface of the aerosol and initiate the free radical chain reaction. 4, 21 Disproportionation markers track the number of bimolecular reaction events involving peroxy radicals of all types. Fragmentation is the major chain propagation process. C 30 fragmentation markers track dissociation of the initial C 30 H 62 alkane backbone at random locations via alkoxy radical formation and decomposition, which leads to formation of volatile fragments and mass loss from the particle. Acyloxy radical fragmentation markers track CO 2 loss from the end of the oxidized alkane, an "unzipping" process that becomes important when the aerosol has become heavily oxidized. reactodiffusion length L as shown in Figure 3 . Disproportionation and C 30 fragmentation both involve reactions that are second order in peroxy radical concentration, and have a characteristic L 1 that extends up to the center of the particle when viscosity is low. 5, 14 Acyloxy fragmentation, on the other hand, is very different. The unimolecular "unzipping" reaction is only kinetically significant at a much smaller L 2 (< 1nm), and the oxidation process is confined to the outer surface of the aerosol. This indicates that as the reactiondiffusion length for a system changes, not only does the average composition of the particle change, the dominant part of the reaction mechanism also changes. This result shows that it cannot be assumed that measurements of trends and k rx for a particular system are easily connected to the chemical reactions of a particular aerosol across a range of conditions.
Finally, the simulations show that measurements of composition at the exit of the flow tube are meaningful as snapshots, but cannot be assumed to reveal the dominant chemistry. As seen in Figure S1 , at the earliest times for all D and I RD , ketone and alcohol functionalities are produced at the same rate, but then diverge. This indicates that while CH bonds are abundant, the Russell mechanism for disproportionation is operative. As CH bonds become constrained, 
METHODS
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